Dilute solutions of amylose tris(phenylcarbamate) (ATPC), whose chemical structure is illustrated in Figure 1 , have widely been studied due to the good solubility in various solvents including some theta solvents. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This derivative behaves as a stiff chain in solution in contrast to the high flexibility of amylose. 13, 14 The contrast suggests that intramolecular hydrogen bonding between neighboring C=O and NH groups is responsible for the stiffness of the ATPC chain.
If indeed formed, such hydrogen bonds should affect the local conformation of ATPC and the contour length h per repeat unit, i.e., the helix pitch per residue (provided the chain is helical), in addition to the global conformation or the chain stiffness. The local structure of this amylose derivative is also a subject in efficient chiral separation. 15, 16 [ Figure 1 ]
Despite such importance of h, however, we find no report on its experimental determination for ATPC in the literature except the very early work of Burchard, 8 who,
analyzing gyration radius data in terms of the wormlike chain, The resultant samples were further purified by fractional precipitation with acetone as a solvent and methanol as a precipitant, and appropriate middle fractions from the respective ATPC samples were reprecipitated into methanol. They were designated as ATPC20K, ATPC50K, ATPC200K, ATPC300K, ATPC500K, ATPC800K, and ATPC3M based on the molecular weights. The degree of substitution was estimated to be 3.0 -3.1 for all these fractions from the mass ratio of carbon to nitrogen determined by elemental analysis. It was also determined for ATPC20K and ATPC50K to be 3.0  0. 
Small-angle X-ray scattering (SAXS)
Scattering intensities at  and at   = 0.10 nm were measured for ATPC20K and ATPC50K both in DIOX and in 2EE at 25 C using a Rigaku R-AXIS IV++ or an R-AXIS VII imaging plate detector at the BL40B2 beamline in SPring-8; the camera length was set to be 1500 mm. A 1.5 mm quartz capillary filled with each test solution was set to the cell holder whose temperature was controlled with a circulating waterbath. The beam center of the imaging plate and the camera length were determined accurately from the Bragg reflection of powdery lead stearate. The scattering intensities for each solution or solvent were corrected for the incident-beam intensity and the transmittance, both determined using the ionic chambers installed at the upper and lower ends of the capillary. The excess scattering intensity I  was analyzed using the square-root plots 25 of (c/I   1/2 vs. sin > z and P(k) (the particle scattering function) at the absolute value of the scattering vector k.
Sedimentation Equilibrium
Sedimentation equilibrium measurements were made for samples ATPC20K and , respectively, using an Anton Paar DMA 5000
densitometer.
Viscometry
Viscosity measurements in DIOX and in 2EE at 25 C were carried out using a four-bulb low-shear capillary viscometer of the Ubbelohde type for ATPC3M in DIOX and conventional capillary viscometers for all ATPC samples in the two solvents. A rectangular quartz cell of 2-mm path length (l) was set in a cell holder thermostated with a circulating waterbath.
The molar extinction coefficient  and the molar circular dichroism  were calculated from the measured absorbance A and ellipticity '
where M 0 denotes the molar mass of the repeating unit of ATPC.
Infrared Absorption (IR)
IR spectra for ATPC300K in mixtures of DIOX and 2EE with different compositions were recorded on a Excalibur FTS-300 Fourier-transform infrared spectrometer (Bio Rad Laboratories) with a solution cell SC-CaF-0.05 (GL Science, Japan) made of CaF 2 and having 0.05-mm path length. The conventional transmission method was used, and 500 times accumulations were performed at room temperature (20 -25 C) for each solution whose c was about 3  10 -2 g cm -3 . Additional measurements in pure DIOX and 2EE at higher polymer concentrations of about 6  10 . within 3%, so that their averages are presented in Table I , along with the A 2 data.
RESULTS

Dimensional and Hydrodynamic Properties
The table also includes M w and M z /M w from sedimentation equilibrium as well as M w /M n determined by SEC-LS in tetrahydrofuran at 30 C.
[ Figure 2 ]
The angular dependence of P(k)
is shown in Figure 3 Table I .
[ Figure 3 ], [ Table I .
[ Figure 4 ] are almost independent of x, indicating that the intramolecular hydrogen bonding is hardly affected by the presence of the hydroxyl group of 2EE.
We may conclude from these findings that on an average, about 40% of the C=O groups in the ATPC molecule intramolecularly hydrogen bond to NH groups probably in the first and/or second nearest neighbor repeat units.
[ Figure 5 ] Figure 6 shows that there is no substantial difference in CD and UV spectra between the two solvents. Thus the local conformations of ATPC in DIOX and 2EE must be essentially the same. The pronounced positive maximum and negative minimum around   = 225 and 240 nm, respectively, may be taken to indicate that, as proposed by Bittiger and Keilich, helical structure in the two solvents.
[ Figure 6 ]
DISCUSSION
Analysis of Scattering Data
The unperturbed mean-square radius of gyration <S 2 > 0 of a wormlike chain may be expressed as
where the contour length L of the chain is related to the molar mass M by
with M L being the molar mass per unit contour length. In the framework of the quasi-two-parameter (QTP) theory [32] [33] [34] with the Domb-Barrett equation In Figure 7 , the calculated solid curves are seen to closely fit the data points. The excluded-volume effect in either solvent, that is, the difference between the solid and dashed curves, is quite small (less than 5%) even at the highest M w investigated.
[ is at most 3.1% and hence negligible.
[ Figure 8 ]
Analysis of [] Data
The intrinsic viscosity of a perturbed wormlike cylinder is given by the product of the unperturbed intrinsic viscosity [] 0 and the cubic viscosity expansion factor   Table II , where h has been calculated from
The values of  in 2EE as due to fewer intramolecular hydrogen bonds between the NH and C=O groups of ATPC. However, such a subtle difference in hydrogen bonding cannot be observed from the present IR spectra. On the other hand, the exciton splitting in the CD spectra of ATPC ( Figure   6 ) substantiates the significance of the substituent effect because the CD spectra indicate the dense and regularly (or helically) allocated phenyl groups near the main chain.
[ Table II ]
The estimated values of h in DIOX and 2EE in Table II Conformational energy maps for both amylose 44, 45 and amylose tris(3,5-dimethylphenylcarbamate) 46 have a shallow minimum which allows the left handed helices with various h values. This indicates that h of the amylosic chain may be influenced by a small perturbation, i.e., intramolecular hydrogen bonding, intermolecular hydrogen bonding with solvent molecules, and packing of substituents and solvent molecules, and thus must be susceptible to such effects. Nonetheless, we find that the h values for ATPC in the two solvents happen to be essentially the same.
It is intriguing to investigate h of ATPC in various solvents and also of other amylose derivatives in relation to their local conformation and chain stiffness. 
